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[57] ~ ABSTRACT

An alloy layer comprising germanium and silicon is
grown on top of a silicon substrate. The alloy layer is
kept thin enough for proper pseudomorphic, dislocation
free growth. A layer of silicon is applied to the alloy
layer. The tnitial silicon layer is from two to three times
as thick as the alloy layer. Approximately the upper
two-thirds of the silicon layer is oxidized, either ther-
mally, anodically or by plasma anodization. The silicon
layer that remains between the silicon dioxide and the
alloy layer is kept thin enough so that a parasitic chan-
nel does not form on the interface between the silicon
and the silicon dioxide. The germanium alloyed channel
1s thus suitably bounded by silicon crystalline structures
on both of the channel layer surfaces. The barrer
heights between silicon dioxide and silicon are very
large thus providing good carrie confinement. A suit-
ably applied voltage will result in a region of high mo-
bility charge carriers at the interface between the alloy
layer and the upper silicon layer.

1§ Claims, 1 Drawing Sheet
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'GERMANIUM CHANNEL SILICON MOSFET

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates in general to semiconductor
devices and in particular to a metal oxide field effect
transistor having a channel including germanium for
improved carrier mobility.

Field effect transistors are horizontal devices includ-
ing a source, a drain spaced from the source and a gate
disposed between the source and the drain. A channel
region lies underneath the gate and between the source
and the drain. A metal oxide field effect transistor has a
metal electrode affixed to an oxide layer disposed on top
of the channel. A voltage imposed upon the gate elec-
trode controls the flow of current from the source to the
drain within the channel. Such MOSFET devices are
widely used and are easily fabricated due to a somewhat
unique combination of silicon and its oxide silicon diox-
ide.

Silicon is a semiconductor material. Its conductivity
can be altered by suitable doping. In contrast, silicon
dioxide is an excellent insulator. The interface between
silicon and silicon dioxide can be made with extremely
high electrical quality, that is, with a very low density
of electronic interface states within the energy bandgap
of silicon. The silicon dioxide layer is best formed by
oxidation of the underlying substrate. In addition, sili-
con dioxide has very litte reaction with many known
processing agents including etchants. As such, silicon
dioxide is also used as a mask during intermediate fabri-
cation steps. |

One of the disadvantages of silicon as a semiconduc-
tor 1s its electron mobility. The passage of electrons
through silicon is limited by the crystal lattice structure
of the stlicon atom. Other materials, such as germanium,
have energy band structures that permit higher carrier
mobility. Such higher carrier mobility is desirable be-
cause the mobility of carriers ultimately determines the
switching speed of the device. The faster the switching
speed, the more operations the given device can per-
form within a given unit of time.

It has been shown that an alloy layer of germanium
- and stlicon can be grown on a silicon substrate so long
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as the alloy layer is thin enough. Since the lattice spac-

ing of a crystal of germanium is larger than the lattice of
a crystal of silicon, a layer that includes an alloy of

germanium and silicon is placed under strain. The ger-
manium crystal lattice is compressed and provides a
so-called pseudomorphic layer. See K. Casper,
“Growth Improprieties of Si/Si1Ge Superlattices” MSS-
II Proceedings, page 703, Kyoto, Japan, September
1975; D. V. Lang et al, “Measurement of the Band Gap
of Ge,Si;.x/Si Strained Layer Heterostructures”, Ap-
plied Physics Letters, 47, page 1333 (1985). With such
strained layers, others have demonstrated that two-di-
mensional electron and hole gas layers can be formed in
the silicon/alloy interface layers in such devices. It is
reported that enhanced electron and hole mobilities
have been obtained for such devices. See G. Abstreiter
et al, “Two Dimensional Electron Gas Systems in Si/-
GexSiy.x Strained Layers Superlattices’”, MSS-II Pro-
ceedings, page 717, Kyoto, Japan, September 1985.

It is possible that the hole mobility in such a system is
enhanced by the strain in the alloy layer which de-
creases the energy of the light hole band relative to the
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heavy hole band. In that system, the conduction and
valence band discontinuities are relatively low. It is not
precisely known how the bandgap discontinuity is
shared between the conduction and valence band. How-
ever, it is suspected that small discontinuities, along
with small Schottky barriers on the silicon, would make
commercial utilization of such devices very difficult.
In customary MOSFET technology, the barrier
height between the silicon and silicon dioxide is very
large, which has the desirable effect of keeping gate

leakage currents very small. This interface is between

an amorphous insulator and a crystalline semiconductor
so that it has the undesirable property of scattering
electrons and holes strongly, reducing their mobility. It
is, therefore, desirable to have a germanium alloy chan-
nel with a single crystal interface to silicon and some-
how include the advantages of the germanium alloy
channel with the operational and fabrication advantages
of silicon and silicon dioxide. ~

In U.S. Pat. No. 4,556,895, there 1s shown a device
with a germanium channel and either a silicon or a
silicon dioxide layer deposited on the channel. Such a
device provides only a single band gap between the
germanium channel and the next layer. There is no
disclosure that the oxide layer is thermally formed and
thermal formation is unlikely due to the nature of the
device. Thermal formation of oxide layers is a widely
used technique.

In U.S. Pat. No. 4,529,455, a method is described for
oxidizing a silicon layer deposited on an alloy layer of
silicon and germanium. The entire silicon layer is oxi-
dized so there ts only a single energy band gap between
the two layers. There is no residual silicon layer be-
tween the oxide layer and the alloy layer.

Neither of the foregoing patents describes a device or
method that adapts a device with a germanium alloy

layer to silicon/silicon dioxide systems, devices and
processes.

SUMMARY OF THE INVENTION

The invention overcomes the disadvantages of the
surface states of the prior art devices and retains the
advantages of the silicon/silicon dioxide systems by
applying a layer of silicon to the surface of an alloy
layer and partially oxidizing the silicon layer. An alloy
layer comprising germanium and silicon is grown on
top of a silicon substrate. The alloy layer is kept thin
enough for proper pseudomorphic, dislocation free
growth. A layer of silicon is applied to the alloy layer.
The initial silicon layer is from two to three times as
thick as the alloy layer. Approximately the upper two-
thirds of the silicon layer is oxidized, either thermally,
anodically or by plasma anodization. The silicon layer
that remains between the silicon dioxide and the alloy
layer is kept thin enough so that a parasitic channel does
not form on the interface between the silicon and the
silicon dioxide. Such a system can then be processed by
conventional means to form n-channel or p-channel
MOSFET devices.

The germanium alloyed channel is thus suitably
bounded by silicon crystalline structures on both of the
channel layer surfaces. The barrier height between sili-
con dioxide and silicon is very large thus providing
good carrier confinement. There is a further, smaller
band discontinuity between the upper silicon layer and
the alloy layer. A suitably applied voltage will result in
a region of high mobility charge carriers at the interface



5,019,882

3
between the alloy layer and the upper silicon layer. This

region will contain a two-dimensional electron or hole
gas. For a p-doped device, the region will provide a
two-dimensional hole gas at the interface. In the two-di-
mensional hole gas, positive charge carriers will have
very high mobility in the channel.

Since the MOSFET device of the invention includes
upper layers of silicon and silicon dioxide, the remain-
ing processing steps of the device are traditional. As
such, the upper silicon dioxide layer can be used for
masking purposes and then later for insulating purposes
as part of an insulated gate electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing summary and features of the invention
will become more apparent with reference to the fol-
lowing description of the preferred embodiment taken
in conjunction with the accompanied drawings,
wherein: |

FIG. 1 is a sectional view of.the preferred embodi-
ment of the invention;

FIG. 2 is an energy band diagram of the invention
with no gate voltage;

FIG. 3 is an energy band diagram of the invention
with an energized gate.

In FIG. 2, the conduction and valence band disconti-
nuities are shown to be about equal. In the event, for
instance, that the conduction band discontinuity is
much smaller than the valence band discontinuity, then
the advantages of this invention would pertain mainly
to the p-channel device.

DETAILED DESCRIPTION OF THE
INVENTION |

There is generally shown a MOSFET device 10 of
the invention in FIG. 1. The transistor 10 includes a
substrate. 1 of silicon. An alloy layer 2 is pseudomorph-
ically formed on top of silicon substrate 1. The alloy

layer 2 comprises GexSi;.x where “x” is the content of

germanium. In general, the amount of germanium pres-
ent in alloy layer 2 can be as high an amount as will not
relieve strain in alloy layer 2. Thus, the percentage of
germanium in alloy layer 2 may range between 1 and
999% and is preferably 50%.

A further layer of silicon having a thickness sufficient
to provide a desired oxide thickness is epitaxially depos-
ited upon the alloy layer 2. The upper portion of the
silicon layer is oxidized to form a layer 4 of silicon
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dioxide. A portion of the silicon dioxide layer 4 1s -

etched or otherwise removed in order to expose the
residual silicon layer 3 for receiving source and drain
contacts 7, 8. A gate 6 is applied to layer 4. A channel
region 9 in alloy layer 2 lies underneath gate 6 and
between the source and drain contacts 7,8.

The silicon layer 3 may be processed into either an
n-channel or p-channel MOSFET. In the following
description, it shall be assumed that the device 1s pro-
cessed into a p-channel MOSFET. However, those
skilled in the art will appreciate that n-channel doping is
possible.

Layer 1, the Si buffer layer, may be of any convenient
thickness, about 20004, for example. -

Layer 2 is of suitable thickness sufficient to maintain
a pseudomorphic monocrystalline structure. It may
range in thickness from 20 to 300A.

Layer 3 has to be very thin, depending on how much
is oxidized, with the thickness after oxidation being
about 20A.
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Layer 4 should be fairly thin, about 100A in order to
achieve a high transconductance FET.

An exemplary thickness for each layer in device 10 is
10 nm for alloy layer 2, 5 nm for upper silicon layer 3
and 10 nm for silicon dioxide layer 4. The latter is
formed by partially oxidizing the top portion of an orig-
inally formed silicon layer. Oxidation may be accom-
plished either thermally or by plasma ancdization. The
remaining silicon layer 3 is kept thin enough so that no
parasitic channels are formed at the interface between
layers 3 and 4.

Turning now to FIG. 2, there is shown an energy
band diagram of the device of FIG. 1 where there is no
voltage applied to gate electrode 6. In this condition,
there is a large barrier between the upper silicon dioxide
layer 4 and the silicon layer 3. There is a further band
discontinuity between the silicon layer 3 and the alloy
layer 2. The band gap then returns to the same level as
that of layer 3 since the substrate 1 is also silicon.

When a negative voltage is applied to the gate 6, the
band diagram is altered as shown in FIG. 3. Oxide layer
4 prevents current from leaking through gate electrode
6. Accordingly, the electric field established by the
negative voltage on electrode 6 attracts a large number
of positive carriers to interface § of alloy layer 2 and
silicon layer 3. This concentration of positive carriers or
holes assumes a two-dimensional configuration. At the
strained interface of the two crystalline layers at inter-
face 5, positive charge carriers at the interface have a
high mobility and move in substantially a two-dimen-
sional direction with interface §, between the source
and drain 7, 8.

More specifically, a two-dimensional hole gas forms
at interface §. Germanium has hole transport properties
superior to silicon. The transport properties of the chan-
nel are improved by the structure 10 because the holes
are confined to interface § rather than to the interface
between layers 3 and 4. Hole transport properties are
further improved because the alloy layer is strained
causing the energy of the light hole band to be lowered.
Substrate effects are reduced due to the heterojunction
confinement by the interface formed between alloy
layer 2 and substrate 1. |

The interface between dioxide layer 4 and silicon
layer 3 has a low interface state density because dioxide
layer 4 is thermally grown on the silicon layer 3. Such
type of growth is compatible with traditional silicon
based processing techniques. Hence, the remaining por-
tions of integrated circuit fabrication may be readily
used to fabricate complementary integrated circuits,
i.e., circuits including both n-doped and p-doped de-
vices.

Having described the preferred embodiment of the
invention, it is recognized that those skilled in the art
will appreciate that further modifications, alterations,
additions and deletions may be made thereto without
departing from the spirit and scope of the invention as
defined by the following claims.

Having thus described our invention, what we claim
as new and desire to secure by Letters Patent 1s:

1. A field effect transistor of the type wherein current
in a channel between ohmic contacts is influenced by a
potential applied to a gate disposed over said channel
the improvement comprising:

a substrate of a first monocrystalline semiconductor

material,

a strained, pseudomorphic, epitaxial channel layer of

an alloy of said first semiconductor material and a
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second semiconductor material disposed on said
substrate,

~ an epitaxial layer of an oxidizable semiconductor

material disposed on said channel layer, and,

a gate oxide layer of said oxidizable semiconductor

disposed on said oxidizable semiconductor layer.

2. A field effect transistor according to claim 1
wherein said first monocrystalline semiconductor mate-
rial is silicon.

3. A field effect transistor according to claim 1
wherein said second semiconductor material is germa-
nium and said alloy is Ge,Sij.x.

4. A field effect transistor according to claim 1
wherein said oxidizable semiconductor material is sili-
con.

§5. A field effect transistor according to claim 1
- wherein said gate oxide layer is silicon dioxide.

6. A field effect transistor according to claim 1
wherein the content of said second semiconductor ma-
terial in said alloy is sufficient to introduce strain in said
channel layer.

7. A field effect transistor according to claim 1
wherein the content of said second semiconductor ma-
terial in said alloy lies in a range of 1% to 99%.

8. A field effect transistor according to claim 1
wheremn the content of said second semiconductor ma-
tenial in said alloy is 50%.
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9. In a field effect transistor of the type wherein cur-
rent in a channel between two ohmic contacts is influ-
enced by a potential applied to a gate in proximity to
said channel, the improvement comprising:

a channel containing strained, pseudomorphic, epi-
taxial layer of a GexSi;.x alloy disposed on a mono-
crystalline stlicon substrate,

an epitaxial layer of silicon disposed over GexSij.x

layer, and

a layer of silicon dioxide in contact with said layer of
silicon. ~

10. The invention of claim 1 wherein the Ge content
of said channel containing layer is as high as possible to
maintain said channel containing layer in the strained
condition.

11. The invention of claim 9 wherein said silicon
dioxide layer is about twice the thickness of either the
channel containing layer or the silicon layer.

12. The invention of claim 9 wherein said channel

0 containing layer and said silicon layer are about 10 nm
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and 2 nm thick, respectively.

13. The invention of claim 9 wherein said silicon
dioxide layer is 10 nm thick. |

14. The invention of claim 9 wherein the amount of
Ge in said channel containing layer lies in a range be-
tween 1% to 99%. |

15. The invention of claim 10 wherein the Ge content

of said channel containing layer 1s 50%.
¥ ¥ n »
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